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ABSTRACT 

An experimental investigation of laminar boundary-layer separation 
induced by a trailing edge ramp on a flat plate was conducted at Mach 
numbers of 6, 8,  and 10. The tests were conducted over a range of 
Reynolds numbers.    Longitudinal and spanwise surface pressure distri- 
butions, pitot pressure profiles, and shadowgraph pictures were used to 
investigate the two-dimensionality of the flow and the effects of model 
geometry, angle of attack, Reynolds number, ramp angle, and mass re- 
moval from the separation region.   Data are presented to show that lami- 
nar, two-dimensional boundary-layer reattachment, not limited by model 
geometry, was obtained.   These data are compared to the integral-moment 
theory of Lees and Reeves as modified by Klineberg.    It is also shown 
that a separation region can be reduced or even eliminated by removing 
mass at the hinge line. 
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NOMENCLATURE 

b Flat-plate semi-span,  in. 

C Chapman-Rubesin viscosity factor,  (T/Tw)(/uw//Lt) 

C Pressure coefficient (p - p^/q,,, 

d Bleed slot opening in streamwise direction, in. or ft 

h Total enthalpy, Btu-lb"1-^"1 

M Mach number 

p Static pressure, psia or psfa 

q Dynamic pressure, psia 

Re Unit Reynolds number, in.      or ft"-*- 

S Total enthalpy function,  (h^/h^ - 1) 

T Temperature, °R 

u Velocity, ft-sec"* 

WB Weight flow bleed per unit span, 0. 532 pcd Tw
-1/2, 

lb-ft^-sec-1 

WT Theoretical weight flow per unit span in laminar boundary 
layer at xc, Qf

& pjjij^dy, lb-ft_1-sec-1 

x Streamwise surface distance measured from leading edge, 
in. 

y Vertical height measured normal to surface, in. 

Vll 
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z Spanwise distance from model centerline, in. 

a^i Angle between flat plate and free stream, deg 

6 Boundary-lay er thickness, in. 

0 Angle between ramp and flat plate, deg 

0S Angle between oblique shock wave and flat plate, deg 

ju Dynamic viscosity, lb-sec-ft~2 

p Density, lb-ft"3 

X Hypersonic viscous interaction parameter, 

<i [C./(Rex)Wi] 
1/2 

SUBSCRIPTS 

b Model base value 

c Value at ramp leading edge 

i Local inviscid value 

L Local conditions within the boundary layer 

NB Value with no bleed 

o Value at start of interaction 

t Tunnel stilling chamber conditions 

w Model wall conditions 

x Value based on length x 

«> Free-stream conditions 

Vlll 
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SECTION I 
INTRODUCTION 

An experimental study was conducted to investigate the effects of 
mass removal (bleed) on two-dimensional, laminar boundary-layer sep- 
aration.    The test program, supported by the Air Force Flight Dynamics 
Laboratory,  was undertaken to determine the feasibility of increasing 
hypersonic control surface effectiveness by reducing the extent of sep- 
aration caused by a deflected control surface.    The program was 
expected to verify and extend,  over a wider range of Mach numbers and 
Reynolds numbers, the mass bleed studies of Ball (Ref.  1). 

The primary criteria for these tests were that the flow be: 
(1)   laminar through re attachment,  (2)   two-dimensional over a finite 
span each side of the model centerline,  and (3)   the reattachment location 
must not be limited by the ramp length.    In order to provide information 
that the above criteria could be met, extensive "no bleed" tests were con- 
ducted at Mach numbers 6,  8,  and 10 and several Reynolds numbers. 
Because the results in Ref.   2 showed that large ramp angles would prob- 
ably trigger transition during flow reattachment, the tests were conducted 
using a nominal ramp angle of 10 deg.    During these initial tests,  data 
were obtained to check the feasibility of pitching the model to obtain a 
Mach number lower than free stream on the plate.    Checks were also made 
early in the tests, with the model unpitched, to determine if the separation 
extent could be reduced by venting the separation region to the model base 
pressure. 

A model support failure during model injection at Ma = 6 made fur- 
ther testing at this time impractical.    Because of the failure, very little 
data were obtained with mass bleed; however, the groundwork has been 
done for future investigation of this concept. 

The tests were run at free-stream Mach numbers of 6,  8,  and 10 and 
Reynolds numbers, based on the length from the leading edge to hinge line, 
from 0. 19 x 10^ to 1. 5 x 10^.    Data, some of which were with side plates 
installed on the model, were obtained for pitch angles from 0 to 18 deg 
and with ramp angles of zero and approximately 10 deg.    Tests were made 
with slot openings of 0. 062 and 0. 125 in.  at M    = 8. 
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SECTION II 
APPARATUS 

2.1  WIND TUNNELS 

The tunnels (Gas Dynamic Wind Tunnels, Hypersonic (B) and (C)) 
are continuous,  closed-circuit, variable density wind tunnels with axisym- 
metric contoured nozzles and 50-in.-diam test sections.   Tunnel B was 
operated at a nominal Mach number of 6 or 8 at stagnation pressures 
from 27 to 110 and from 90 to 420 psia,  respectively,  at stagnation tem- 
peratures up to 1280°R.    Tunnel C was operated at a nominal Mach num- 
ber of 10 at stagnation pressure from 210 to 840 psia at 1900°R stagnation 
temperature.    The model may be injected into the tunnels for a test run 
and then retracted for model cooling or model changes without interrupt- 
ing the tunnel flow. 

2.2 MODEL 

The model, furnished by AFFDL,  (Fig.  1) was a sharp leading-edge 
flat plate with a hinged trailing-edge ramp.    The hinge provided for ramp 
angles from 0 to 30 deg,  although tests were conducted only at zero and 
approximately 10 deg.    A full-span channel extending (internally) from 
just ahead of the hinge line (0. 125 in.) to the base of the model provided 
for mass removal, i. e. ,  "bleed. "   Sharp-lip inserts were used in the 
entrance of the channel to vary the full-span slot opening from 0 to 0. 125 
in., in the streamwise direction.    Because early data indicated that the 
extent of boundary-layer separation was limited by ramp length, an ex- 
tension was built by VKF to lengthen the ramp from 4. 5 to 9. 0 in.    All 
subsequent tests were run with this extension in place.    The base of the 
model was shielded from the support yoke by a fairing plate extending 
downstream from the model,  Fig.   1.    Lower surface side plates were 
an integral part of the model support.    The built-in angle between the 
axis of the yoke and the upper surface (25 deg),  along with the other 
mounting equipment, provided for upper surface pitch angles from 0 
to 30 deg with respect to the free-stream flow.    An additional fairing 
plate was added to the lower surface of the yoke during testing in an 
attempt to reduce tunnel choking presumed to be caused by .the strong 
bow wave ahead of the yoke. 
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Alignment of the model in pitch was within ±0. 1 deg; however, be- 
cause of the clutch face on the yoke,  the model was rolled 0. 25 deg. 
This small roll angle,  when combined with angle of attack,  created a 
slight leading-edge yaw (less than 0. 25 deg). 

Removable side plates (Fig.   1), which extended from near the 
leading edge of the flat plate to the trailing edge of the ramp (a set for 
both ramp lengths),  were mounted on the outboard edge of the plate 
during some of the tests. 

The model was instrumented with surface pressure taps (0.062-in. 
ID) as shown in Fig. 2.   In addition to the centerline row on the flat 
plate,  two closely spaced orifice rows were located 4 in.  toward on 
side and 7 in.  toward the other side to provide a detailed check of the 
longitudinal pressure distribution off axis.    Three spanwise rows,   at 
x/xc = 0. 5,  0. 72 and 0. 89,  were also provided for checking the pres- 
sure variation in a lateral direction.    Three thermocouples, mounted 
in pressure orifices, were used to monitor the plate surface tempera- 
ture. 

b.   Model Installed in Hypersonic Tunnel 

Fig. 1   Concluded 
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2.3  INSTRUMENTATION 

Model pressures were measured in Tunnel B with 1-psid trans- 
ducers on the forward plate and 15-psid transducers on the ramp.    In 
Tunnel C,   1- and 15-psid transducers were switched in and out of the 
system automatically to allow measuring to the best precision.    All 
transducers were referenced to near vacuum.    From repeat calibra- 
tions, the estimated Tunnel B pressure measurement precision was 
±0.001 psi or ±0. 5 percent,  whichever was greater, for the 1-psid 
transducer and ±0. 003 psi or ±0. 5 percent, whichever was greater, 
for the 15-psid transducers.    The estimated Tunnel C precision was 
±0. 001 psi or ±0. 5 percent, whichever was greater. 

The precision of the temperature measurements, using 
Chromel®-Alumel® thermocouples, was ±2°F or ±0. 5 percent, which- 
ever was greater. 

The pitot pressure measurements were made with a 0. 012-in.- 
high oval probe connected to a 15-psid transducer.   The probe drive 
allowed the probe to travel normal to the surface of the ramp with an 
estimated precision of ±0.001 in.  in the y direction.    The estimated 
precision of the probe pressure was ±0. 003 psi or ±0.5 percent, which- 
ever was greater.    Model flow field shadowgraphs were obtained during 
all tests. 

SECTION III 
PROCEDURE 

The tests were conducted at nominal free-stream Mach numbers 
of 6, 8, and 10 with Reynolds numbers, based on the length to the hinge 
line, from 0. 19 x 10° to 1. 5 x 10°.    The test conditions are shown in 
Table I. 

The local flow conditions when the model was pitched were obtained 
from the curves in the Appendix.    These curves were calculated from 
the information contained in Ref.  3.    A complete test summary is shown 
in Table II. 
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TEST CONDITIONS 
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Nominal MÄ 

6 

!H. psiu 

27 

Tl, 'R 

353 r.oc 

H0j,x -.O-6, If- 

0 'so 

54 S. SL l.UO 

72 6.00 1.33 

110 6.02 2.00 

B 00 :uo 7.37 0 SO 

198 :21c 7. 02 1.03 

273 1240 7.114 1.33 

420 1280 7. £17 2.00 

10 210 1!J0U 9. f!3 0.25 

1 420 1 10.01 0.50 

!M3 10.09 1.03 

TABLE II 

TEST SUMMARY 

a.  Surface Pressure Distributions 

b.   Pitot Pressure Surveys 

Hump, x/Xc =2.0 0 = 11.0 dcg d = 0 «M = 0 

3*w 
M.    '   HOXL. x 10-6 x/xc Wb Side Plates 

6.0 6 0.38 1.47 0,10 4 Cn and Off 

6 0.33 1.47 -0.7 Off 
C 0. 75 1  47 and ..84 0. 10.4.  -0.7 CW 
6 1.50 1.84 0. i0.4.  -0.7 Off 

8.0 B 0.38 1.47 and 1.84 0. ±0.4.  -0.7 On and Off 

1 8 0.75 1.4? 0, ±0.4,  -0.7 Off 1 8 0.75 1.34 0,  -0.4 Of-: 

Nominal MW] Nominal M„ Rexc x 10-6 0. dcg *M. deg 
Ramp 

Length, x/x«. 
d. in. Side Plates 

4.4 U 0.4C 0 18.0 1.3 0 orr 
4.3 8 1   5,  1  0. O.^S 10 -f.. i 1   5 0 Off 

8 1.0 10 1C4 1   li c 0C2 ar.J 0. I£5 orf 
0 1.5,   1.0. 0.75 10 11 0 1  S 0 On 
6 1.5 10 li 0 1.5 0 Off 

6 1.5, 0.75 11 11 0 2.0 0 Off 
5. B 8 0.58 0 10.0 1.5 0 Off 
5.0 8 1.5,   1.0, 0.75 10 8.8 l.S 0 Off 

8 1.5,   1.0 13 8 8 1.5 0 0G2 Off 
S 1.5 IO 3 1 1.5 C   125 Of-: 
6 1U 0 1.5 0 Or. one tiff 
C 1  5, 0.75, 0.38 11 r, 2.0 0 Off 
6 0 30 11 a 2.0 0 On 

6.6 8 0.54 0 6  0 1  5 D Off 
8.0 8 0.38 0 0 1.5 0 Off 

8 1.5, 0.75, 0.38 10 0 1.5 0 Off 
8 0. 75 10 0 l :■ 0 On 
a l.C    0.75 10 0 1.5 O.C.0C2, 0   12J ort 
B 0. 18 :n.B 0 .2.0 0 Off 
B 0.38, 0.75 n 0 2 3 0 On and 0:f 

10.0 10 0.38. 0 75,   1. 5 S. 5 0 2.(1 0 On              . 

1 10 0  11, 0.38, 0.75 10 5 0 2.0 0 On 

10 0. 10, 0.38, 0.75 u 0 2.0 0 On 
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The boundary -layer pitot pressure data were taken at two stream- 
wise positions on the ramp (x/xc = 1.47 and 1. 84) and several (z/b = 0, 
±0.4, and 0. 7) spanwise locations by surveying normal to the surface 
of the ramp.    The measurements were used along with a measured 
ramp surface static pressure, which was assumed constant through the 
boundary layer, to calculate the local Mach number.   Selected data 
were repeated with the side plates installed. 

The forward plate temperature, which was monitored during all 
tests,  in general was near an equilibrium condition being 0. 88 T^ at 
Mach number 6, 0. 78 Tt at Mach number 8, and 0. 72 Tt at Mach num- 
ber 10. 

SECTION IV 
RESULTS AND DISCUSSION 

4.1   TWO-DIMENSIONALITY OF THE FLOW 

In order to demonstrate that a laminar, two-dimensional separation 
that was not influenced by the model geometry limitations could be ob- 
tained, the initial investigations were conducted with mass bleed channel 
sealed.    Data were also obtained with the ramp at zero deflection for ref- 
erence purposes.    The flat-plate pressure is shown in Fig. 3 in terms 
of the variation in the ratio of measured pressure to the inviscid wedge 
pressure (obtained from curves in the Appendix) as a function of the 
hypersonic viscous interaction parameter, x.    These data were obtained 
at several angles of attack at a fixed free-stream unit Reynolds number 
(Re,, = 0. 5 x 10^ ft"*).    The data agree reasonably well with the weak 
interaction formula of Ref. 4. 

An indication of the two-dimensionality of the flow over the plate 
with a deflected ramp is shown in Figs. 4 through 6.    The pressure dis- 
tributions for MWj = 6 (Fig. 4a) show a pronounced discrepancy between 
the centerline data and that from the off-centerline rows, especially with 
the side plates removed.    This discrepancy is most pronounced in the 
region of the maximum pressure gradient.    The spanwise pressure dis- 
tributions (Fig.  4b) also show this variation in pressure between center- 
line and the off centerline.    From these figures, it appears that the up- 
stream influence of the ramp, i. e. , the start of the pressure rise, was  ■ 
less off centerline than on.    The ramp boundary-layer profiles (Fig. 4c) 
indicate that reattachment occured earlier outboard of the centerline 
(z/b = 0) because higher Mach numbers were measured close to the 
ramp surface.   This is consistent with a reduction in upstream influence. 

8 
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There was little change in the profiles with the side plates removed. 
The choice of static pressure used for data reduction was the reason 
that some of the curves do not go to a Mach number ratio of zero in 
the recirculation region.    The proper static pressure would only shift 
the curves to the left or right and would not change the overall trend. 

1.6    - 

P/P„ 

a     -   6   (leg au  -   10   deg 

0.4 0.6 0.8 

X 

1.0 1.2 1.4 
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%1 y 

O 0 8.0 rr^r D 6 6.6 QPO 
o 
A 

10 
18 

5.8 
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O 
oo/ 

°c 9^o 

- - HWi  -  8 

<Kef.   4) 
MWi- 
(Ref. 

4 

4)-v s&* 
r^?>* 

1                       1 i      i 1 i 
1.6 

Fig. 3   Flat-Plate Correlation at M^   =  8, Re^   =  0.5 10 i~6   fo-l 

When all of the data are considered,  the flow appears to be two- 
dimensional on the centerline, but only for a small span on each side, 
e. g. , z/b «±0.1.    This is based on the fact that (1)   the centerline 
data were unaffected by the removal of the side plates,  and (2)   they 
agree well with the VKF calculations based on the integral-moment 
theory of Ref.   5 as modified in Ref.  4 <SW = 0).    The discrepancy be- 
tween theory and experiment on the downstream part of the ramp is 
discussed in detail in Section 4. 4 
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The spanwise pressure distributions for Mw. = 8 (Figs.   5a and b) 
show better agreement over a wider span, with the side paltes on, than 
the Mwj = 6 data.   When the side plates were removed, the relatively 
good agreement with theory for the flat-plate portion became worse, 
and the spanwise variations were amplified.    The Mach number pro- 
files (Fig.  5c) also indicate that the flow was more nearly the same for 
a wider span with the side plates on than with them removed.    There- 
fore, because of the closer agreement with theory and the improved 
spanwise uniformity, the data with side plates on are considered to be 
more nearly two-dimensional. 

The pressure distributions for Mw^ = 10 (Fig. 6) show very good 
agreement between the centerline and the off-centerline rows,  and the 
spanwise data are uniform to z/b ^ ±0. 6.    These data were taken only 
with the side plates on.   While there is some disagreement with the 
theory on the flat-plate portion of the model, these data are considered 
to be two-dimensional because of the uniform spanwise distributions. 

In summary, it appears that two-dimensional flow was obtained: 
(1)   at MWi = 6 with and without side plates,  (2)   at Mw^ = 8 with side 
plates but not without, and (3)   at Mw. = 10 with side plates, no data 
being obtained without.    Discrepancies between theory and experiment, 
especially on the downstream portion of the ramp, were observed at all 
Mach numbers.    The magnitude of these discrepancies increased as 
Mach number increased. 

4.2 EFFECTS OF PITCH 

In order to investigate the effects of model attitude on the correla- 
tion of the separation extent with local flow conditions, the model was 
pitched at free-stream Mach numbers of 6 and 8 such that Mw^ = 4. 5 in 
each case.    The stilling chamber pressure and temperature were ad- 
justed, using the curves in the Appendix, to provide the same Reynolds 
number (Rexc = 0. 75 x 10^) on the flat plate.    The data obtained in this 
manner are presented in Fig. 7, and they show large differences be- 
tween the pressure distributions at the two Mach numbers, both in the 
upstream influence and in the ramp pressure gradient.    Unfortunately, 
no data were obtained in a pitched attitude both with and without end 
plates at the same local conditions.    The data at M,,, = 6 were obtained 
with the side plates on; however, data at a lower Reynolds number 
(but at am = 0) as well as at a higher Reynolds number with the model 
pitched, indicated that there was little change when the side plates 
were removed.    The data at M^ = 8 for z/b =0.4 agree with the center- 
line data, and the spanwise distributions are uniform for a large span; 
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therefore,  these data are considered to be two-dimensional.    The 
shadowgraphs at M^ ■ 8 show that the boundary layer was,  at least, 
transitional during reattachment.    Because of the side plates, the 
state of the boundary layer was indeterminate at M_ = 6. 
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Data which were obtained at Mw^ = 6 and which were more likely 
to have been laminar during reattachment are presented in Fig.  8. 
These results are also in disagreement with each other to a similar 
degree,  as shown at Mw. =4.5.   It is noted that at both Mach numbers 
the smallest upstream extent of interaction existed when the flat-plate 
pressure ratio, PQ/P,,,* was the greatest.   Since outflow from the mix- 
ing zone would be expected to increase with an increase in p0/Pa, and 
thereby reduce the upstream extent, it is concluded that even though 
local Mach number and Reynolds number are matched, valid laminar 
separation data probably cannot be obtained by pitching a flat-plate- 
ramp combination to lower appreciably the local Mach number. 
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4.3  EXTENT OF LAMINAR FLOW 

The data presented in Fig.  9 were used to judge if the boundary 
layer was laminar through reattachment at Mo = MWi = 6.    As seen in 
Figs.  9a and b, the beginning of the interaction region moved upstream 
as Reynolds number increased; however, the rate of change was less 
than indicated by the theory.   It has been shown (Refs.  2,  6,  7, and 8) 
that the extent of upstream influence should increase as Reynolds num- 
ber is increased if the boundary layer is laminar through reattachment. 
While none of the flat-plate centerline pressure distributions (Fig. 9a) 
agree exactly with the theory of Lees and Reeves, Ref. 5 as modified 
in Ref. 4, the lowest Reynolds number data are the closest.    For com- 
parison to the present data on the ramp, data from Ref. 6 are presented 
in Fig.  9a for a slightly different ramp angle and a lower Reynolds num- 
ber.   These data on the ramp show good agreement with the theory, 
although the upstream interaction extent (also shown in Fig.   9b) is 
somewhat less than predicted.   Data from Ko and Kubota (Ref. 7) are 
shown in Fig.  9b to have relatively good agreement with the theory. 
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c.   Shadowgraphs at 9   =   11 deg 

Fig. 9   Continued 
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The shadowgraph pictures (Fig.  9c) indicate that the boundary layer 
was laminar through reattachment for the lowest Reynolds number and, 
at least, transitional for the higher Reynolds numbers.   Mach number' 
profiles on the ramp for two locations are presented in Fig.  9d and show 
that the recirculation region was smaller at higher Reynolds number, 
i. e., reattachment occurred earlier.    This also indicates that the bound- 
ary layer was at least transitional at reattachment for the higher 
Reynolds numbers.    As stated before, the choice of static pressure used 
for data reduction was the reason that some of the curves do not go to a 
Mach number ratio of zero in the recirculation region. 

The pressure data for MWi = 8 and 10 were taken with the side 
plates installed, and shadowgraphs were obtained with them removed at 
only the lowest Reynolds number.   The data (Figs.  10 and 11) show the 
same general trends as for MWi = 6.    Only the lowest Reynolds number 
at MWi = 8 was judged to be laminar through reattachment.    This is true 
for both ramp angles tested, as indicated in Fig.   10b.    The MWi = 10 
data (Fig.  11) indicate,  as based on the variation of the upstream extent 
with Reynolds number increase, that the reattaching boundary layer was 
laminar for all ramp angles for the two lowest Reynolds numbers and 
probably for the highest (ReXc = 0. 75 x 106).    The reattachment pressure 
distribution is, as in all previous data, very different from the theory. 
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c.   Shadowgraph of ReXc   =   0.38   x   106. 6  =   11 deg 

Fig. 10   Continued 
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c.   Shadowgraph at Rex     ■   0.19   x   106, 6   =   lldeg 

Fig. 11   Concluded 
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4.4  REATTACHMENT PRESSURE RISE 

As pointed out in previous discussions, the pressure gradient on 
the ramp was in all cases larger than that predicted by theory.   In gen- 
eral, this is considered to be an indication of nonlaminar reattachment. 
However, there appears to be enough evidence from the upstream ex- 
tent data and the shadowgraphs to indicate that the reattaching boundary 
layer was laminar,  at least at the lowest Reynolds number.    The pres- 
ent data with the long ramp are considered to be free of geometry limi- 
tations because the theoretical reattachment point is well upstream of 
the trailing edge of the ramp.    It remains, then, to determine the 
cause of this discrepancy.   Other investigators have obtained data which 
in most cases, when the reattachment has been shown to be laminar, 
agree reasonably well with the theory of Lees and Reeves.   The theory 
has not previously been extended to the higher Mach numbers of the 
present test.    If, however, there were some fallacy in the theory at the 
higher Mach number, it would still leave the disagreement at Mach num- 
ber 6 unexplained because other authors, Ref. 5 for instance, have ob- 
tained better agreement at this Mach number.   It is, of course, pertinent 
to note that the theoretical results presented here are for the case of 
Sw = 0, which is relatively far removed from the actual test conditions 
investigated.    Perhaps the most remarkable fact derived from the com- 
parisons of theory and experiment is the general agreement found up- 
stream of the ramp despite the significant differences observed on the 
ramp. 

There is one major difference between the present work and that of 
Refs. 4, 6,  7, and 8.    The maximum flat-plate length to the hinge line, 
xc,  of previous work was 5 in., whereas the present model was 9 in. 
Lewis (Ref.  6) found no change in either the upstream influence or the 
reattachment pressure rise for lengths of xc = 2, 3,  and 5 in. at con- 
stant Reynolds number.    However, the aspect ratios,  xc/2b, for these 
lengths were 1. 5,  1.33, and 0. 8, respectively.   The aspect ratio of 
the present model was 2. 22, greater than that for even the shortest 
flat-plate length of Ref. 6.    An investigation of the effects of flat-plate 
length and/or aspect ratio was planned for the present study and in fact 
was being started when the model failure occurred.    It was felt that 
the pressure rise on the ramp may be a function of the flat-plate length 
even though the boundary layer remains laminar through reattachment. 
There is still the possibility, especially at MWi = 6, that transition at 
or even downstream of reattachment caused the unusual pressure rise 
on the ramp.    Further work is needed to resolve these questions. 
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4.5  RAMP ANGLE EFFECT 

As pointed out by other authors, Ref. 7 for instance, the extent of 
the upstream influence of the ramp is sensitive to small variations in 
angle of attack.    Figure 12 shows a similar sensitivity to a small change 
in ramp angle.    An increase of 1. 5 deg in ramp angle at Mw. = 10 caused 
a measurable increase in the extent of the upstream interaction and in 
particular the maximum pressure ratio obtained on the ramp.   As in 
previous figures, this pressure rise was greater than that predicted by 
theory. 
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4.6  INFLUENCE OF MASS BLEED 

As stated in Section I, only a limited amount of data was obtained 
with the mass-removal slot open.    These data were obtained before the 
extension was added to the ramp,  and therefore, the reattachment was 
probably forced to occur further upstream than it would have with the 
long ramp (at least in the no-bleed case with the model pitched).    Fig- 
ure 13 shows that with the model pitched to obtain a local Mach number 
of 4. 5, a bleed-slot inlet size of only 0. 062 in. (area = 1. 12 in. 2) re- 
moved all of the separation.    These data are, as indicated in the shadow- 
graphs,  at least transitional during reattachment.    The data obtained 
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for Mw- - 6 (Fig.   14) show that the increase in upstream interaction 
(over that at MWi = 4. 5,  but at the same ReXc) required a larger slot 
inlet area in order to remove all of the separation.    The upstream in- 
fluence without bleed in Figs.  14a and b remained approximately the 
same when the Reynolds number was increased; therefore,  these data 
are also considered to be transitional at reattachment.    As in the case 
of the Mwi = 4. 5 data,  when the separation was completely removed, 
a pressure ratio of less than 1. 0 was obtained well upstream of the in- 
let to the bleed slot. 
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The data obtained with the model at zero pitch (Fig.   15) appears, 
at least in the shadowgraph picture at the lower Reynolds number, to 
be laminar at reattachment.    The separation region apparently was not 
completely removed at either Reynolds number,  even with the slot 
opened to 0. 125 in.  (area = 2. 225 in. *), because a very slight pres- 
sure rise was present upstream of the slot (instead of the drop below 
a ratio of 1.0 as seen from the previous figures).    These data suggest 
that the gap (bleed) area required to eliminate the upstream interaction 
increases with an increase in Mach number. 
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Ball (Ref.  1) has obtained mass bleed data at several Mach num- 
bers (MWi = 5. 3,  6.5, 6.7,  and 8. 0) but with the model pitched at 
Mw - 12.   These data were also all at different Reynolds numbers 
(Rex ).    A comparison of the present data at Mwj = M,,, = 8 to those 
of Ball at Mwi = 8,  M,,, = 12 is shown in Fig.   16.   The weight flow was 
calculated in the same manner as Ref.   1, i. e., using the static pres- 
sure at the hinge line and the wall temperature as the supply conditions 
and by assuming sonic flow at the slot inlet.   The present data on the 
left curve of Fig.  16 were extrapolated to obtain the amount of weight 
flow bleed needed for the "incipient" separation.   The weight flow was 
ratioed to the theoretical weight flow in a laminar boundary layer on an 
adiabatic flat plate of length xc.    The theoretical value was calculated 
by integrating the velocity and density profiles (insulated plate,  Prandtl 
number = 0. 75) obtained from the results in Ref. 9.    This weight flow 
ratio is shown in the right curve of Fig.   16 as a function of the ratio of 
the interaction length with bleed to that with no bleed.   In this form, 
the present data and that of Ref.  1 appear to give a reasonable correla- 
tion with only slight Reynolds number dependence.    It should be remem- 
bered, however, that the present data are probably transitional at the 
higher Reynolds number and may be adversely affected by the short 
ramp at both Reynolds numbers.   The data of Ref.  1 were taken with the 
model pitched, and the ramp was, in fact, shorter with respect to the 
flat plate (x/xc = 1.43) than the present investigations. 
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0.05 0.15 0.25 

VWT 

Fig. 16  Effect of Mass Removal on Interaction Length at Mw.  = 8 
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SECTION V 

CONCLUDING REMARKS 

Results of this investigation show that two-dimensional, ramp in- 
duced, laminar boundary-layer separations were obtained for Mach 
numbers 6, 8, and 10 at ReXc = 0. 38 x 106.    The Mach number -6 data 
were found to be two-dimensional either with or without side plates; 
the Mach number 8 and 10 data were only judged two-dimensional with 
side plates (no Mach number 10 data were obtained without side plates). 
The boundary layer was probably laminar through reattachment at 
Rexc 

= 0. 38 x 10° or below for all three Mach numbers; however, there 
remains some question regarding the Mach number 6 data relative to 
that of other investigations. 

At M,, = 10,  a small change in the ramp angle (1 deg) was shown to 
give a large variation in both the upstream interaction and in the over- 
all ramp pressure rise. 

The data obtained during this investigation show large variations 
in the extent of upstream interaction and in the ramp pressure gradient 
between two sets of data obtained at the same local Mach number and 
Reynolds number but at different free-stream conditions.    It was found 
that, even when local conditions were matched, valid separation data 
could not be obtained by pitching the model to obtain a lower Mach num- 
ber. 

From the limited amount of data obtained, it was found that the 
separation induced by a 10-deg ramp angle at Mach numbers 4. 5 and 6 
on a pitched flat plate was completely eliminated by removing mass from 
the separation region.   In the case of the unpitched plate-ramp combi- 
nation at Ms = 8, the data indicated that the separation could have been 
eliminated by removing between 20 to 25 percent of the theoretical 
weight flow in a laminar boundary layer on a flat plate of length xc. 

Because of the model failure during the tests, much of the investi- 
gation remains incomplete.    Other investigators have also left several 
major points unresolved either because the flow in their experiments 
was not examined in sufficient detail for two-dimensionality,  or checked 
closely for laminar flow at reattachment, or was not clearly free of 
geometry limitations.   While quite a bit of data has been published on 
boundary-layer separation with mass removal, insufficient data are 
available to obtain a comprehensive understanding of the factors involved. 
The major points which require further investigation are (1)   the valid- 
ity of the separation data obtained with a flat-plate-ramp combination 
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pitched in order to obtain lower than free-stream local Mach numbers, 
(2)   the effect of mass bleed on two-dimensional, laminar boundary- 
layer separation that is not limited by model geometry,  (3)   the cause 
of the discrepancy between the pressure gradient on the ramp obtained 
during the present tests and that predicted by adiabatic, integral- 
moment separation theory,  and (4)   the effects of flat-plate length 
and/or aspect ratio on the complete pressure distribution, particularly 
at Mach number 6. 
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APPENDIX 
INVISCID WEDGE CURVES 
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